are calculated to a temperature of 800 K by explicitly summing the ab initio determined rotation-vibration energy levels of the respective species. These partition functions are used to calculate the equilibrium constants for nine important reactions in the interstellar medium involving H + 3 and its deuterated isotopomers. These equilibrium constants are compared to previously determined experimental and theoretical values. The Einstein A coefficients for the strongest dipole transitions are also calculated.
INTRODUCTION
Deuterium chemistry in the interstellar medium has had renewed interest of late, this is due in part to recent observations of multiply deuterated species in the interstellar medium (Loinard et al. 2001; Ceccarelli 2002; Vastel et al. 2004) . The cosmic abundance of deuterium with respect to hydrogen at low temperature is approximately 1.4×10
−5 in the solar neighbourhood, (Lemoine et al. 1999 ), but a much higher ratio is observed between molecules and their deuterium baring isotopomers in some environments. Molecules containing deuterium can become highly fractionated in the gas phase at low temperatures. This effect is thought to be primarily through reactions with H2D + . H2D + was first detected by Stark et al. (1999) in the interstellar medium and more recently by Caselli et al. (2003) . However modelling of interstellar deuterium chemistry by Roberts et al. (2003) suggest that that all the deuterated H The other mechanism by which deuterium fractionation can occur is via active grain chemistry. That is to say that molecules which are stuck onto grains are deuterated by deuterium which accrete onto the grain mantle. Bacmann et al. (2003) suggest that in prestellar cores, deuteration increases with increasing CO depletion. This would indicate that deuteration is primarily the product of gas phase chemistry as CO depletion leads to an increase in [H2D + ]/[H + 3 ] abundances (Dalgarno & Lepp 1984 ).
Hydrogenic gas phase reactions involving H
+ 3 and the deuterated isotopomers that are regarded to be significant in gas phase deuteration are tabulated in table 1. Within the thermodynamic equilibrium regime, the equilibrium constants, K, of these reactions can be calculated from the partition functions of the reactant and product species. It is not possibly to separate the forward and backward rates in these calculations thus comparisons can only been made to the ratio of the forward k f , and backward rates k b .
Experiments measuring both the forward and backward rates for the reactions of interest have been conducted by Adams & Smith (1981) , Giles et al. (1992) and most recently by Gerlich et al. (2002) . Both Adams and Smith and Giles et al. used a variable temperature selected ion flow arrangement (Smith et al. 1982) , while Gerlich et al. used a low temperature multipole ion trap.
Previously theoretical studies have concentrated on the H + 3 partition functions and associated equilibrium constants for reactions of interest; most notably in Sidhu et al. (1992) and Neale & Tennyson (1995 
where J is the rotational quantum number, gi is the nuclear spin degeneracy factor for state i, c2 is the second radiation constant and Ei is the associated energy level relative to the J=0 ground state in cm −1 . No distinction was made between rotational and vibrational energy levels. H + 3 has only one bound electronic bound state, thus there was no electronic contribution to the partition functions. All the H + 3 energy levels were taken relative to the J=0 vibrational ground state.
The full partition function, ztot can be written as
where zint is the internal partition function. z trans is the translational contribution to the partition function which can be estimated using the perfect gas model. As all the reactions considered in this work conserve the number of particles in the system. the ratio of their translational partition functions is given by a simple mass factor (Hayman 1967) 
where mX is the mass of species X.
Equilibrium constants
For reaction
the temperature dependent equilibrium constant, K(T), was calculate using the following,
where ztot is the partition function incorporating translational motion and U is the enthalpy of the reaction. The enthalpy of the reaction was calculated using
where E X 0 is the zero point energy of species X as measured on an absolute energy scale. Thus the enthalpies for reactions (b) to (i) were calculated in this way. The diatomic zero point energies were calculated using the constants of Huber & Herzberg (1979) (Ramanlal et al. 2003) . Thus for H + 3 the so called "rotational zero point energy" was used, which is 4425.823 cm −1 . For reaction (a) the difference in ionisation energy between H and D was taken to be 46.4 K (Kelly 1987) .
The diatomic partition functions needed for the equilibrium constants were calculated using the formulae given below.
where
The constants used were taken from Huber & Herzberg (1979) and are tabulated in table 2.
Energy levels
Energy levels for H + 3 , D + 3 and D2H + were determined using the DVR3D program suite of Tennyson et al. (2004) and the ultra-high accuracy ab initio procedure of Polyansky & Tennyson (1999) which was based on the electronic structure calculations of Cencek et al. (1998) . The parameters used for the DVR3D program suite are the same as those outlined in Polyansky & Tennyson (1999) .A total of 40×(J+1) levels were computed for each J, up to J=14. This procedure gave at least 19119 rotation vibration energy levels for each molecule and ensured that all energy levels up to 10000 cm −1 were included. D2H
+ has C2ν symmetry, this symmetry is fully represent in the DVR3D program by the parity of the basis, even and odd; which means that energies with even (ge =3) and odd (go =6) parity are easily easily identified. H have D 3h symmetry, this symmetry is not fully represented by the DVR3D program. Thus energies with E, A1 and A2 cannot be so easily identified. The A1 and A2 states are represented by DVR3D and have even and odd basis parity respectively. The E symmetry energies are determined by the fact that they are degenerate across even and odd basis by parities. Thus the E symmetry states can be identified by examining by hand the complete list of energy levels for both even and odd basis parities. For H + 3 the nuclear degeneracy factors are 2, 0 and 4 for E, A1 and A2 respectively. For D + 3 the the nuclear degeneracy factors are 8, 10 and 1 for E, A1 and A2 respectively.
There has been some confusion in the conventions used for nuclear spin degeneracy factor, g. In general astronomers use the nuclear spin degeneracy divided by its value for the dissociated atoms, while physicists use the nuclear spin degeneracy itself. Thus for example astronomers would take g for the E states of D + 3 to be 8/27 while we have used 8. Both conventions are equally valid; however it is important to be consistent when calculating equilibrium constants that the same convention has been used in calculating the partition functions for all the species in the reaction. Throughout this work the "physicists" convention is used. Table 3 present the values obtained by the explicit summation of equation 2. It was found that at a temperature of 800 K the inclusion of the J=14 energy levels only contributed only 0.02%, 0.77% and 0.35% to the internal partition functions for H + respectively. This the partition functions are valid up to a temperature of 800 K.
RESULTS AND DISCUSSION

Partition function
Comparing the H + 3 partition functions of this work and that of Sidhu et al.( figure 1 ) we see that the two works are in good agreement. There is some minor disagreement at higher temperatures where in any case the much more comprehensive partition function of Neale & Tennyson (1995) should be used.
The partition functions have been fitted to the standard formula, see Sauval & Tatum (1984) , in the temperature range 5 K to 800 K using the data in Table 5 gives the logarithm equilibrium constants, K, for the reactions tabulated in table 1 as a function of temperature. The equilibrium constants were calculated using the partition functions previously discussed. The H2D + partition functions were taken from Sidhu et al. (1992) .
Equilibrium Constants
There have been a few experiments where both the forward and backward reaction rates of interest have been measured; so that the equilibrium constant may be deduced for comparison. A comparison of the experimental data available to date is given in tables 6, 7 and 8. Our calculations generally show approximate agreement with the experimental data. The notable exception is the recent experiment of Gerlich et al. (2002) for the H + 3 + HD→H2D + +H2, which disagrees with our calculations by 12 orders of magnitude. Gerlich et al. measured the forward and backward rates at a low temperature, 10 K, using a low temperature multipole ion trap. There have been no other experiments carried out at this low temperature, thus no direct experimental comparison can be made. Smith and Adams using standard extrapolation give an equilibrium constant of 1.7×10 +9 at 10 K, which is in better agreement to our own result. Most models use the the equilibrium constants of Adams & Smith Crosses, this calculation; dashed curve, fit of equation 12 to our calculated data; Circles, calculation of Sidhu et al. (1992) ; Pluses, calculation of Neale & Tennyson (1995) .
(1981). The previously calculated value of Sidhu et al. used an enthalpy of 139.5 K, this enthalpy does not take into account the previously discussed rotational zero point energy.
Thus if an enthalpy of 231.8 K is used then an equilibrium constant of 7.1×10 +12 , which is more consistent to our own is obtained.
A comparison of our equilibrium constants with those of Giles et al. (1992) for the reactions of interest are shown in table 6. Giles et al. give relative errors of ± 15% for the equilibrium constants. This relates to a much lower absolute value on the measured rate; Giles et al. state that certain systematic errors will cancel when taking the ratio of rates, thus producing lower error bounds. This may be rather optimistic. In general there is better agreement between our calculation and the experiment of Giles et al. at the higher temperature of 300 K. This is most likely due to the less demanding nature of measuring the reaction rates as higher temperature. Giles et al. also calculate the equilibrium constants by calculating the partition functions of the reactant and product species, and also the enthalpy change for the reaction. These partition functions were obtained by explicitly summing the energy levels (as equation 2) as given by using the rigid rotor approximation and the relevant experimentally determined rotational constants. The rigid rotor approximation is problematic for the H + 3 system and definitely inferior to our own ab initio energy level calculations. However we are generally in better agreement with Giles et al. theoretical equilibrium constants than their experimentally derived equilibrium constants.
A comparison of equilibrium constants for the reaction H + 3 + HD → H2D + + H2 for a number of temperatures to those of Adams & Smith (1981) and Herbst (1982) are given in table 7. Adams and Smith estimate their errors on the reaction rates to be ±20%, this gives an error on the equilibrium constants of ±30%. We are generally in good agreement with Adams and Smith. Herbst (1982) calculated the reaction constants using his calculated partition functions and reaction enthalpy. The partition functions for H + 3 and H2D + are determined from explicitly doing the sum as in equation 2. The energy levels are found by using the spectroscopic constants of Oka (1980 Oka ( , 1981 and Carney (1980) used to calculate the partition functions of HD and H2. Our calculations are in good agreement with those of Herbst (1982).
Transition Intensities
Using wavefunctions produced in the calculation of the energy levels outlined in section 2.3 and additional wavefunctions calculated for H2D + in the same manner; the DIPOLE3 program of Tennyson et al. (2004) ; and the dipole surface of Röhse et al. (1994) ; the transition intensities were calculated. The dipole transition intensities for H2D + , D2H
+ and D + 3 are given in tables 9, 10 and 11 respectively; transitions are given up to J=5 and a maximum frequency of 5000 cm −1 ; transitions whose relative intensity is less than 0.0001 are neglected. The D + 3 energy levels are labelled by the notation (ν1, ν2, J, G, U) Watson et al. (1987) . The quantum numbers ν1, ν2, G and U were assigned by referring to the work of Amano et al. (1994) and by inspection. The H2D
+ and D2H + levels are assigned by hand using the standard quantum numbers J, Ka, and Kc.
CONCLUSIONS
Partition functions for H + 3 D2H
+ and D + 3 have been calculated. These have been used to calculate the equilibrium constants for the important gas phase reactions involving H + 3 and the deuterated isotopomers. In general ab initio calculations are easier to perform at very low temperatures because they require few levels whereas these very low temperature experiments are extremely challenging. In addition transition data have been calculated which should aid in the observation of deuterated isotopomers of H + 3 . It is hoped our data facilitate the understanding of deuterium chemistry in the interstellar medium.
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